Thc tcmpcraturc charactcristics of RuO2-bascd thick film rcsistors on various substratcs having diffcrcnt thcrmal cxpansion cocfficicnt havc bccn invcstigatcd.
INTRODUCTION
The physical and electrical characteristics of thick film resistors depend largely on the composition of glass which is a component of the resistor, the particle size of the glass and conductive material, and also on the mixture ratio of these two materials l-4. The electrical properties also vary with the substrate material adopted and the conditions under which the resistors were manufactured-s'6. When producing resistors by firing thick film paste, it is therefore necessary to specify minutely the substrate composition and various manufacturing conditions; for example, composition of substrate, firing temperature, firing time, etc. Recently, 92% purity alumina, aluminium nitride, silicon carbide and porcenalized steel are also beginning to be applied as thick film circuit substrates7. Table 1 summarizes the relevant mechanical properties of the different substrates that are available. The coefficient of thermal expansion of the glass in the currently used thick films is arranged to be nearly equal to that of 96% purity aluminas'9, and if the thick film paste for the 96% alumina substrate is used on other substrates mismatching of the coefficient of thermal expansion will influence the physical and electrical properties of the thick film resistors obtained. However, little information is available at present with regard to the influence of this kind of difference in the thermal expansion coefficient on the stress generated between the substrate and resistor or on the electrical characteristics of the resistor, etc.
Under these circumstances, analysis has been made of the stress that is produced in the substrate and RuO thick film resistors due to a difference in the coefficient of thermal expansion between the resistor and substrate. We have also examined the influence of different thermal expansion on the electrical characteristics of resistors. We found through experiments that the Temperature Coefficient of Resistance (TCR) increases or decreases depending on whether the difference (asL,b ofilm) between the coefficient of thermal expansion of the substrate (CsL,b) Figure 3 showed unstable characteristics.
For the purpose of investigating the phenomina of this unstable resistance region, resistors having three different coefficients of thermal expansion (ag,ss) were prepared on SiC substrates. These resistors were:--(A) with Ctgas of 54 x 10-7/C, which was close to the value of SiC, (B) of 77 x 10-7/C, and (C) of 91 x 10-7/C. These resistors were examined to see how the resistance value varies with temperature in the temperature range from -50C to +350C.
As shown in Figure 4 , the variation range with time of the resistance value of the specimen (A) became smaller as the temperature increased, finally becoming roughly constant at 350C. The specimen (B) exhibited at 125C roughly the same characteristics as that of specimen (A) at -50C. The specimen (C) showed similar characteristics when it is heated to 350C. The variation range of the resistance value became small as the temperature increased further. The relationships between the coefficient of thermal expansion of the substrate and TCR are shown in Figure 5 . If Csub < (2film, the TCR has a large negative value. On the contrary, the TCR becomes a large positive value as the glass content of the thick film resistor decreases. A thick film resistor, the thermal expansion coefficient of which is largely different from that of the substrate, is stressed on cooling after it is fired. The individual conductive particles in the thick film resistor are compacted together by that stress, because these particles are not properly sintered4, and thus more electric current paths are formed.
The effect of the difference between asub and film on the electrical properties of the resistor can be explained by the stress model illustrated in Figure 6 . If asub > afilm, a compressive stress is exerted on the resistor as shown in Figure 6 (a) because shrinkage of the substrate is larger than that of the resistor. On the contrary, if asub < ahem, the difference in the shrinkage between substrate and resistor puts the resistor into tension, as shown in Figure 6(c) . Consequently, the resistivity becomes smaller in the case (1) and larger in the case (2), compared with the resistivity obtained when asub is equal to When the temperature of the resistor under stress rises, the following phenomena will result: If asub > afim, tensile stress is exerted on the resistor as shown in Figure 6 (b) as temperature increases, and this tensile stress can cancel the compressive stress exerted at room temperature. If asub < afilm, the substrate and resistor expand differently as the temperature rises, as shown in Figure 6( This stress model explains why the resistance value fluctuates at low temperatures while it remains constant and stable in the high temperature range as shown in Figure 4 , it also explains why the resistance-temperature characteristic curve shows a positive gradient if Ctsub > ahem, while it becomes negative in the opposite case (as shown in Figure 2 ).
It is also possible to explain why the resistance-temperature curve of the RuO thick film resistor on the alumina substrate shows a parabolic form. This is because of the relationships of the thermal expansion coefficients between the two substrates are aAl203 < glass film) at low temperature and AI203 > glass at high temperature (see Table I . Accordingly, when the temperature falls, in the low temperature range, the difference in the shrinkage between the resistor and alumina substrate affects on the resistor as a tensil stress (as shown in Figure  6 (c) and Table I ). Thus, the resistance value increases.
When the temperature rises, in the high temperature range, the difference in expansion between the resistor and alumina substrate affects the resistor as a tensile stress (as shown in Figure 6(b) 2) If asub < Ctnm, the phenomenon is the opposite to that of item 1) above, and the resistance value decreases as the temperature rises.
3) The parabolic form of the resistance-temperature characteristic curve of RuO2 thick film resistors on alumina substrates is caused by a difference in the coefficient of thermal expansion between alumina and resistor in both the low and high temperature regions.
